as a potential tracer for wood smoke emissions. In this work, the effect of SO2 at 20 atmospheric levels (0−56 ppbv) on secondary organic aerosol (SOA) formation and its 21 oxidation state during guaiacol photooxidation was investigated in the presence of 22 various inorganic seed particles (i.e., NaCl and (NH4)2SO4). Without SO2 and seed 23 particles, SOA yields ranged from (9.46 ± 1.71) % to (26.37 ± 2.83) % and could be 24 well expressed by a one-product model. According to the ratio of the average gas- particles and SO2 suggested that more SOA-forming vapors partitioned into the particle 33 phase, consequently increasing SOA yields. It should be noted that SO2 was found to 34 be in favor of increasing the carbon oxidation state (OSC) of SOA, indicating that the 35 functionalization reaction or the partitioning of highly oxidized products into particles 36 should be more dominant than oligomerization reaction. In addition, the average N/C 37 ratio of SOA was 0.037, which revealed that NOx participated in the photooxidation 38 process, consequently leading to the formation of organic N-containing compounds. 39 3 The experimental results demonstrate the importance of SO2 on the formation processes 40 of SOA and organic S-containing compounds, and also are helpful to further understand 41 SOA formation from the atmospheric photooxidation of guaiacol and its subsequent 42 impacts on air quality and climate. 43 4
various inorganic seed particles (i.e., NaCl and (NH4)2SO4). Without SO2 and seed 23 particles, SOA yields ranged from (9.46 ± 1.71) % to (26.37 ± 2.83) % and could be 24 well expressed by a one-product model. According to the ratio of the average gas-25 particle partitioning timescale ( g-p  ) over the course of experiment to the vapor wall 26 deposition timescale ( g-w  ), the determined SOA yields were underestimated by a factor 27 of ~2 times. The presence of SO2 resulted in enhancing SOA yield by 14.04 %−23.65 %. 28
With (NH4)2SO4 and NaCl seed particles, SOA yield was enhanced by 23.07 % and 29 29.57 %, respectively, which further increased significantly to 29.78 %−53.43 % in the 30 presence of SO2, suggesting that SO2 and seed particles have a synergetic contribution 31 to SOA formation. The decreasing trend of g-p g-w /  ratio in the presence of seed 32 particles and SO2 suggested that more SOA-forming vapors partitioned into the particle 33 phase, consequently increasing SOA yields. It should be noted that SO2 was found to 34 be in favor of increasing the carbon oxidation state (OSC) of SOA, indicating that the 35 functionalization reaction or the partitioning of highly oxidized products into particles 36 should be more dominant than oligomerization reaction. In addition, the average N/C 37 ratio of SOA was 0.037, which revealed that NOx participated in the photooxidation 38 process, consequently leading to the formation of organic N-containing compounds. 39 9 aerodynamic diameter measured by the HR-ToF-AMS and dm is the mean volume-149 weighted mobility diameter measured by the SMPS. The mass concentration of 150 particles measured by the HR-ToF-AMS was corrected by the SMPS data in this work 151 using the same method as Gordon et al. (2014) . In this work, the wall loss rate (kdep) of 152 (NH4)2SO4 particles could be expressed as kdep = 4.15  10 -7  Dp 1.89 + 1.39  Dp -0.88 153 (Dp is the particle diameter (nm)), which was measured according to the literature 154 method (Takekawa et al., 2003) and was used to correct the wall loss of SOA. In 155 addition, its wall loss rate was determined at predetermined time intervals, which only 156 had a slight change among different experiments. 157
Vapor wall-loss correction 158
Previous studies have indicated that the losses of SOA-forming vapors to chamber wall 159 can result in the substantial and systematic underestimation of SOA (Zhang et al., 2014 (Zhang et al., , 160 2015 . Therefore, SOA yields obtained in this work were also corrected by vapor wall 161 loss. The effect of vapor wall deposition on SOA yields mainly depends on the 162 competition between the uptake of organic vapors by aerosol particles and the chamber 163 wall . Thus, the ratio of the average gas-particle partitioning 164 timescale ( g-p  ) over the course of experiment to the vapor wall deposition timescale 165 ( g-w  ) could be reasonably used to evaluate the underestimation of SOA yields. higher amount of condensable products, subsequently enhancing SOA formation 176 (Lauraguais et al., 2012) . In addition, it should be noted that SOA mass could directly 177 affect the gas/particle partitioning via acting as the adsorption medium of oxidation 178 products, thus higher SOA mass generally leads to higher SOA yield (Lauraguais et al., 179 2014b) . 180 SOA yield (Y) could be represented by a widely-used semi-empirical model based 181 on the absorptive gas-particle partitioning of semi-volatile products, typically 182 calculated using the following equation (Odum et al., 1996) : 183
where αi is the mass-based stoichiometric coefficient for the reaction producing the 185 semi-volatile product i, Kom,i is the gas-particle partitioning equilibrium constant, and 186
Mo is the total aerosol mass concentration. 187
The yield curve for guaiacol photooxidation is shown in Fig. 1 that the formed low-volatile products almost completely partitioned into the particle-199 phase according to the theoretical partition model (Lauraguais et al., 2012 (Lauraguais et al., , 2014b . 200
In the previous studies, the significant SOA formation from the OH- increased from 33 to 56 ppbv. Nevertheless, the particle peak attributed to sulfate 267 formed via SO2 oxidation was not observed by the SMPS during experimental process 268 due to the quick particle growth in the presence of organic vapors. In this work, it is 269 difficult to completely remove trace of NH3 from zero air, thus the formed sulfate 270 should be the mixture of H2SO4 and (NH4)2SO4. The time-series changes in the 271 concentration of ammonium salt at different SO2 concentrations are shown in Fig. S8 . 272
Its concentration increased obviously with increasing SO2 concentration, suggesting 273 that the more amount of (NH4)2SO4 was produced. The similar results have also been 274 15 reported recently by Chu et al. (2016) . In addition, the surface area concentration of 275 aerosol particles at the end time were calculated. As shown in Table 2 , the final surface 276 area of aerosol particles formed via guaiacol photooxidation increased from 1.25 × 10 3 277 to 1.68 × 10 3 and 2.04 × 10 3 µm 2 cm -3 when SO2 concentration increased from 0 to 33 278 and 56 ppbv. The increased surface area could be in favor of outcompeting the wall loss 279 for low-volatility vapors produced from guaiacol photooxidation, i.e., more low-280 volatility vapors would be diverted from wall loss to the particles, consequently 281 increasing SOA yields (Kroll et al., 2007) . This is well supported by the decrease of 282 g-p g-w /  ratio with increasing SO2 concentration, shown in Fig. 3 . Table 2 ). On the other hand, sulfuric acid 343 formed from SO2 may be favorable for the uptake of water-soluble low-MW species 344 (e.g., small carboxylic acids and aldehydes) and also be helpful to retain them in aerosol 345 phase, which would result in the increase of OSC. This is well supported by the time-346 series variations in the concentrations of acetic acid at different SO2 concentrations 347 measured by the HR-ToF-PTRMS ( respectively, which suggested that more SOA-forming vapors partitioned into the 377 particle phase in the presence of NaCl seed particles (Zhang et al., 2014) , consequently 378 resulting in relatively higher SOA yield. 379 20 As shown in Table 2 and Fig. 6 , the SOA mass concentration in the presence of 380 NaCl seed particles was higher than that in the presence of (NH4)2SO4 seed particles. 381
In addition, OSC of SOA in the presence of NaCl seed particles is 0.29, slightly higher 382 than that (0.20) in the presence of (NH4)2SO4 seed particles. Recently, it has been also 383 reported that the presence of (NH4)2SO4 and NaNO3 seed particles could enhance 384 significantly the oxidation state of SOA, compared to without seed particles (Huang et 385 al., 2016) . In this work, the experimental conditions for seed experiments are almost 386 the same (Table 2) RH, and water is mainly adsorbed on NaCl particles (Weis and Ewing, 1999) . Thus, the 407 greater water content on the particle surface could facilitate the uptake of highly 408 oxidized small carboxylic acids onto NaCl particles, which might explain the higher 409 SOA oxidation state observed in the presence of NaCl seed particles (Huang et al., 410 2016). As shown in Fig. S15 , the concentration of acetic acid in the gas phase with 411 NaCl seed particles was lower than that with (NH4)2SO4 seed particles. It suggests that 412 the uptake of acetic acid on NaCl seed particles might be higher than that on (NH4)2SO4 413 seed particles under the similar experimental conditions (i.e., NOx and guaiacol 414 concentrations, temperature, and RH). Moreover, the adsorbed acid products would also 415 generate H + ions, which could catalyze heterogeneous reactions to produce more-416 oxidized products or oligomers with relatively low volatility (Fig. S18) OSC are produced by the functionalization reaction (Ye et al., 2018) . Meanwhile , Table  465 2 shows that the final surface area of aerosol particles increased in the presence of SO2, 466 which played a positive role in diverting more low-volatility vapors from wall loss to 467 the particles, consequently enhancing SOA yields (Kroll et al., 2007) . In addition, the 468 presence of inorganic seeds could promote the condensation of SOA-forming organic 469 products and the heterogeneous uptake of SO2 (Yee et al., 2013) , providing favorable 470 conditions for the following reactions. Meanwhile, the higher hygroscopicity of NaCl 471 than (NH4)2SO4 might be helpful to dissolve more acid substances on NaCl particle 472 surface (e.g., H2SO4 and organic acid), especially in the presence of SO2. This 473 hypothesis could be supported by the variations in acetic acid concentration in the 474 presence of different seed particles and SO2 concentrations ( The results indicated that the signal fractions from the low-MW species increased 481 significantly in the presence of SO2, and were much higher than those from the high-482 MW species (m/z > 300). Compared to Exps. 2 and 3 in Table 2 with no seed particles, 483 the conservative lower-bound concentrations of organosulfates formed with seed 484 25 particles were similar and in the range of (2.2 ± 0.7) to (4.6 ± 1.8) ng m -3 , which might 485 be caused by the similar SO2 concentrations applied for experiments. With NaCl and 486 (NH4)2SO4 as seed particles, SOA yields and OSC both increased with the increase of 487 SO2, suggesting that the functionalization reaction should be more dominant than 488 oligomerization reaction during photooxidation process. 489
Conclusions and atmospheric implications

490
In this work, SOA formation from guaiacol photooxidation in the presence of NOx was 491 investigated in a 30 m 3 smog chamber. SOA yields for guaiacol photooxidation were in 492 the range of (9.46 ± 1.71) % to (26.37 ± 2.83) %, and could be expressed well by a one-493 product model. These yields were underestimated by a factor of ~2 times according to 494 g-p g-w /  ratios. The presence of SO2 could increase SOA yield and OSC, indicating 495 that the functionalization reaction should be more dominant than oligomerization 496 reaction. Meanwhile, the similar effect of SO2 was also observed with NaCl and 497 (NH4)2SO4 seed particles. But, SOA yield and OSC in the presence of NaCl seed 498 particles were both slightly higher than those in the presence of (NH4)2SO4 seed 499 particles. In addition, the results indicated the synergetic contribution of SO2 and 500 inorganic seed particles to SOA formation. The decreasing trend of g-p g-w /  ratio in 501 the presence of seed particles and SO2 suggested that more SOA-forming vapors 502 partitioned into the particle phase, consequently increasing SOA yields. 
